The demonstration of an electrically pumped organic laser remains a major issue of organic optoelectronics for several decades. Nowadays, hybrid pumping seems a promising compromise where the organic material is optically pumped by an electrically pumped inorganic device on chip. This technical solution requires therefore an optimization of the organic gain medium under optical pumping. Here, we report a detailed study of gain features of dye-doped polymer thin films, in particular we introduce the gain efficiency K, in order to facilitate comparison between material and experimental conditions. First, we measure the bulk gain by the means of a pump-probe setup, and then present in details several factors which modify the actual gain of the layer, namely the confinement factor, the pump polarization, the molecular anisotropy, and the re-absorption. The usual model to evaluate the gain leads to an overestimation by more than one order of magnitude, which stresses the importance to design the devices according to experimental basis. Then laser thresholds of Fabry-Perot like cavities can be predicted with a very good agreement. Besides, temporal measurements at the picosecond scale are carried out to support the analysis.
The demonstration of an electrically pumped organic laser remains a major issue of organic optoelectronics for several decades. Nowadays, hybrid pumping seems a promising compromise where the organic material is optically pumped by an electrically pumped inorganic device on chip. This technical solution requires therefore an optimization of the organic gain medium under optical pumping. Here, we report a detailed study of gain features of dye-doped polymer thin films, in particular we introduce the gain efficiency K, in order to facilitate comparison between material and experimental conditions. First, we measure the bulk gain by the means of a pump-probe setup, and then present in details several factors which modify the actual gain of the layer, namely the confinement factor, the pump polarization, the molecular anisotropy, and the re-absorption. The usual model to evaluate the gain leads to an overestimation by more than one order of magnitude, which stresses the importance to design the devices according to experimental basis. Then laser thresholds of Fabry-Perot like cavities can be predicted with a very good agreement. Besides, temporal measurements at the picosecond scale are carried out to support the analysis. 
I. INTRODUCTION
Photonic technology based on organic materials has continuously progressed over the last decades. Organic diodes (so-called OLED's) have developed into an industrially viable domain, whereas polymer based integrated optical devices [1] [2] [3] have matured into robust alternatives to semiconductor devices. Among their advantages are the possibility for flexible substrates [4] , the quasi-unlimited versatility of materials [5] , and a more favorable bio-or chemical compatibility [6] . However, for more than twenty years, the direct electrical excitation of stimulated emission in organic semiconductors remains a major challenge [7, 8] , although solid-state organic lasers demonstrated their high potential under optical pumping [9, 10] . In fact, electrically-pumped organic material have several losses mechanisms (low electroluminescent efficiency [11] , annihilation processes [12, 13] , charge-induced absorption [14, 15] and absorption at metal contacts), which grow rapidly with the current [7] , creating a negative feedback loop, that results in material degradation at pumping currents far below the threshold value [9] [53] . Therefore the excitation of the organic materials via an inorganic electroluminescent pump [12] is now considered as a highly promising approach, since it allows to achieve an indirect electrical pumping of the gain medium. Lasing in such hybrid system was successfully demonstrated under various pumping sources: micro-chip lasers [18] , inorganic laser diodes [19, 20] , and even incoherent LED's [21] . Indirect electrical excitation requires to revisit optical pumping, since the design of these new type of lasers should account for all the specific features of optically pumped organic materials. The method proposed in this article aims to facilitate the engineering of photonics devices and provide a tool for material preselection in the framework of electrically driven organic lasers. We introduce herein a systematic description of gain properties, which facilitates the comparison of organic materials. This approach allows also to study the coupling between the spatial modes and the material gain [22] . We stress the crucial influence of the molecular structure and propose a quantitative estimate of the laser threshold depending on the gain. Actually this field has remained largely unexplored, apart from few works on specific concentrations of specific dye molecules [23] [24] [25] [26] . For this purpose, our experimental test-beds are dye-doped polymer solid-state lasers based on commercial laser dyes [54] , namely DCM, Rhodamine 640 (RH640) and Pyrromethene 605 (PM605), in conventional configurations such as Amplified Spontaneous Emission (ASE) and Fabry-Perot like cavities, see Fig.1 . The article is organized as follows. Section II provides a general description of the gain, and introduces the relevant parameters, which are then studied in details in the following Sections. Two complementary techniques to measure the actual gain of a dye-doped polymer are then demonstrated: in Section III the pump-probe set-up, which measures the gain of a bulk material, and in subsection IV B the Variable Stripe Length (VSL) method, which gives the modal gain, including the geometrical features of a specific device. For comparison, subsection IV A is devoted to the numerical estimation of the gain confinement factor, involved in the definition of the modal gain. Then, based on the measured amplification properties, Sec.V provides a comparison between the experimental laser thresholds and the estimated values. In Sec.VI, the impact of the pump beam polarization on the lasing threshold is accounted for through a model based on the fluorescence anisotropy and is accordingly quantified for the three laser dyes. Spectral features of the micro-lasers are detailed in Section VII. Finally, the different timescales of spontaneous and stimulated emission is evidenced in Section VIII. 
II. GAIN IN THIN FILM
Gain properties of active media are of utmost importance for the design of photonic devices. However, usual gain terminology is not appropriate for comparing amplification in different organic materials. In this section, we analyze the commonly used definitions of gain and their limitations, and introduce an alternative way to describe gain in organic thin films. Two parameters are used in the literature to describe amplification: material and modal gain. Both describe an average growth rate of electromagnetic flux per unit medium length (in cm −1 [55] ), but in different systems. The material gain represents the gain in a bulk, while the modal gain describes amplification in the exact thin-film geometry, accounting for transverse overlap of the material gain (g mat ) with the pump and propagating mode profiles (Γ ) inside the layer [27] :
where α mod stands for propagation losses. In the literature, experimental gains are generally obtained in thin-film configuration with the "Variable Stripe Length" technique (VSL) [27] . But, as a matter of fact, these are modal gain values and are therefore strongly influenced by the sample geometry (layer thicknesses and refractive indexes), as well as experimental conditions (eg. wavelength and orientation of the pumping beam). Thereby, despite a great number of publications on gain in organic materials, a systematic comparison of gain properties is still lacking due to variations of experimental configurations. It is possible to account for the impact of the system geometry through the estimation of the confinement factor Γ . However, this demands supplementary information, in particular the absorption and stimulated emission spectra of the material under study. An example is provided in Section IV A.
In the framework of electrical pumping, the challenge lies in getting
A priori, the gain of the bulk material g mat depends on the pump intensity I p . Gain in inorganic semiconductors is known to vary logarithmically with the carriers density, which in fact is proportional to the pump intensity, thus leading to: g mat ∝ ln (I p ) [28] . However, early works on dye lasers state that amplification in such medium is proportional to the quantity of excited molecules [29] , which in its turn depends linearly on the quantity of absorbed photons. This leads to the linear dependance of the gain on pump intensity in an intensity range limited by saturation and non-linear effects:
where α mat represents different kinds of losses: α mat = α 1 (I p )+α 0 . The losses which depend on the pump intensity I p are included into α 1 , like absorption by polarons or by excited states. The other losses, like traps, are represented by α 0 . The linear coefficient K, referred hereafter as gain efficiency, provides an alternative gain description. We found a confirmation of expression (2) in some publications [16, 25, 26, 30] , listing modal gain at several pump intensity values. The inferred gain efficiency K is about 10 1 to 10 2 cm.MW -1 for dye-doped systems [25, 26] and about 10 3 cm.MW -1 for conjugated polymers [16] . The unit cm.MW −1 reveals that we consider the pump intensity and not the pump fluence. This choice will be discussed in Section VIII. A more comprehensive description of the material gain g mat includes spectral influence through the absorption and emission cross sections σ a and σ e :
where all the quantities are considered at the emission wavelength λ e . N * stands for the density of excited molecules, while N 0 for the density of molecules in the ground state. Moreover, gain in laser dyes is homogeneous [], which means that N * does not depend on the wavelength. On the other hand, the spectral dependence of σ e and σ a is significant, and the consequences on gain and lasing features are described in Section VII. A comprehensive derivation of both cross sections is presented in Appendix B. While the saturation of absorption remains negligible, expression (2) is a good approximation of Eq. (3). In the next section, this linear dependance is experimentally confirmed in a reasonable range of pump intensity. In this section, we introduced the gain efficiency K to describe the amplification properties of the bulk material. It can be measured by pump-probe experiment as illustrated in the next Section. However, the actual gain of a layer is modified by additional parameters: the confinement factor Γ (Sec. IV), the polarization properties (Sec. VI), and the spectral features (Sec. VII).
III. MEASUREMENT OF THE MATERIAL GAIN gmat
In this Section, we report the measurement of the material gain g mat , and then its estimation based on intrinsic characteristics of the gain medium.
A. Pump-probe experiment We carried out pump-probe experiments to get the amplification factor, and then g mat . The sample was a 18 µm thick layer of PMMA [56] , doped with DCM (1.4 wt% with respect to PMMA [57] ) and spin-casted on a glass slide. The set-up is described in Fig. 2 . The pump beam is a frequency doubled Nd:YAG laser (532 nm, 10 Hz, 0.5 ns, ∅ 200 µm [58] ) and the probe beam is a Helium/Neon laser (594 nm, continuous, ∅ 65 µm). Both beams are incident on the sample at the Brewster angle to avoid parasitic reflections. They are not exactly parallel for experimental convenience, but their linear polarizations are parallel. The probe is collected on a rapid photodiode (rise time about 1 ns), which signal is sent to a 1 GHz oscilloscope triggered by the pump. A bump is visible, when the pump is on. A typical trace is presented in Fig. 3 . Several tests were performed to ensure that the bump rightly comes from the probe amplification. In particular, a monochromator showed that there is no bump out of the probe wavelength (ie. 594 nm). Therefore the bump is not provided by fluorescence, but by stimulated emission. To infer the gain material g mat and the gain efficiency K from the amplification factor ∆A/A measured experimentally ( Fig. 3) , we wrote the equation of propagation of the probe intensity I pr :
which depends on the pump intensity I pu . If the absorption of the pump is assumed to be negligible over the thickness h of the layer, then:
As the amplification factor ∆A/A is a small quantity (see Fig. 3 ), then it is proportional to the gain efficiency K:
In practice, the absorption of the pump beam must be taken into account. Then, the factor h of Eq. (6) must be replaced by
where α is the absorption coefficient of the material at the pump wavelength: α = N 0 σ a (λ = 532nm) [59] . As the temporal behavior of the amplification reproduces the temporal profile of the pump (see Sec. VIII), the variation ∆A was measured at the maximum of the bump signal (see Fig. 3 ), and the factor I pu involved in eq. (6) is the peak intensity of the pump at the entrance of the layer. The measured amplification factor ∆A/A versus the peak intensity I pu is plotted in Fig. 4 for different probe intensities. The whole set of experimental data is linearly fitted, the slope being proportional to the gain efficiency K, and leads to K = 20 ± 5 cm.MW −1 . Here the main source of uncertainty comes from the temporal profile of the pump beam (assumed to be gaussian) and its duration. 
B. Estimation of the gain efficiency
In addition, the gain efficiency K can be roughly estimated from the material characteristics, using the first term in Eq. (3):
where N * is the density of excited dye molecules. The vibrational states are known to relax in less than 1 ps [31, 32] , so much faster than the timescale involved in this study. We assume then that the dye molecules can be considered as an effective two level system, where N 0 is the density of dye molecules in the ground state and N = N 0 + N * is the density of all the dye molecules. The triplet states are neglected, since the timescale involved in this study is much shorter than the typical time of the intersystem crossing (see Sec. VIII). The rate equation for N * follows then:
where τ f is the lifetime of fluorescence. In Sec. VIII, the time evolution of the stimulated emission is shown to reproduce the pump profile, which means that the gain medium responds instantaneously at the timescale of the pump variations. The gain medium can thus be considered in a stationary state. Hence the left part of Eq. (7) is zero, and N * can be expressed as: 
The cross sections are evaluated in App. B. The second term in the numerator of N * is several order of magnitude smaller than the first one, and is thus neglected. Similarly, as the I pr /I pu ∼ 10 −4 , the second term in the denominator is neglected, leading to:
The linear regime presented in Fig. 4 correspond to the case:
which means that I pu should be less than 8 MW.cm 2 , in agreement with Fig. . ... In the linear regime, expression (9) leads to the following expression for the gain efficiency:
In Sec.VIII, τ f was measured and is about 2 ns. The other quantities involved in expression (11) are estimated in App. B, and leads to K ≃ 300 cm.MW −1 , so more than 10 times higher than the experimental value. This discrepancy may originate from intermolecular processes, which reduce the number of excited molecules actually involved in stimulated emission. In particular, it must be stressed that the concentration of DCM in PMMA was hereafter set to 5 wt%, since it gives the maximal observed gain in ASE configuration (see Sec. IV B). A higher dye concentration leads to a strong quenching and then to a significant decrease of stimulated emission efficiency.
The conclusion of this Section on the gain material g mat is that it can be measured by the means of a pump-probe set-up and leads to the gain efficiency K = 20 cm.MW −1 at 594 nm for 1.4 wt% of DCM in PMMA pumped at 532 nm. However a theoretical derivation often gives an overestimation because of intermolecular processes, which are difficult to evaluate.
IV. MODAL GAIN g mod
In this section, we evaluate the influence of the geometry on gain values, both theoretically in subsection IV A and experimentally in subsection IV B.
A. Confinement factor
In this subsection, we estimate the field confinement factor Γ on the example of the dye-doped organic thin films, which are experimentally investigated in subsection IV B. The confinement factor Γ was introduced in Eq. (1) and accounts for the transverse overlap of the material gain g mat with the pump E p and lasing E l mode profiles inside the layer. Then it depends on the specific lasing mode E l which is considered. Eq. (1) is an approximation of a more general expression, which involves the spatial profiles of the fields and the gain efficiency:
For the sake of simplicity, we assume that the field profiles are uniform within the sample plane (along x and y-axes), and consider only field variations along the layer width (z-axis). Then, in the case of an homogeneous distribution of dyes in the slab (ie. K is constant), the modal gain reduced to eq.(1) with a confinement factor Γ given by [? ? ]:
with´d r |E p ( r)| 2 = I pu . The field distribution at the pumping wavelength corresponds to the absorption distribution. Then it describes the profile of excited molecules in the layer. The confinement factor in its turn describes the overlap between the gain region and the emission field, and can be estimated numerically through the calculation of the electric field distribution in the film at pump and emission wavelength. It is absolutely essential to account for the material absorption spectrum, as absorption coefficient actually defines the pump field distribution in the thin film. For the pump field, we consider a standing wave problem in the two-layered system: the dye doped polymer with n 1 =1.54 and variable thickness h 1 and the SiO 2 layer (n 2 =1.46, h 2 = 2μm) placed between the semi-infinite medium (air, n 0 =1) and the substrate (Si, n 3 =4.14). For the propagating laser field, we use the model of the effective index described in [33] , and consider the first vertical excitation with TE polarization, which means that the electric field lies in the plane of the layer. The confinement factor was then numerically estimated based on Eq. (13) at several emission wavelength around 600 nm (Fig. 5a) . The variation of absorption between simulated dye-doped layers influences first of all the absolute value of the confinement factor. It may appear from the first glance that strongly absorbing media has lower confinement factor. Yet, this is a matter of a mismatch between the pumping and emission fields, especially relevant in the vicinity of the air-polymer surface for strongly absorbing media. In fact, Fig. 5a represents the confinement factor of the material with a homogeneous spectral distribution of the emission. In the emission cross section (σ e (λ f ), Fig. 5b ) contributes to the emission efficiency and thus must be taken into account to estimate the value and spectral position of the actual confinement factor (Fig. 5c ):
The highest peak in such graph provides information about the confinement factor and the center of the emission spectrum. For instance, a 600nm-thick PM605-doped PMMA layer emits around 580 nm, while DCM and RH640-doped layers tend to emit at longer wavelengths (about 620 nm). Finally, we examine the influence of the thickness of the dye-doped PMMA layer on the confinement factor Γ. The results are gathered in Fig. 6 . In general, the increase of the layer thickness results in a decrease of Γ, and thus of the gain. Actually the absorption of the pump leads to an non-homogeneous excitation profile within the layer. Thereby, the increase of the layer thickness does not provide the better overlap of the excitation and emission patterns. The emission wavelength is also impacted by the layer thickness, as shown in Fig. 6b .
In conclusion, the amplification properties are strongly influenced by the exact geometry of the system, as well as by the absorption and emission features of gain material. The confinement factor is an appropriate tool to take into account such parameters.
B. VSL method
To evaluate the influence of the device geometry, we measure the modal gain g mod with the Variable Stripe Length (VSL) technique [27] for the stack layer used in Section V. The sample geometry is described in Fig.  7a . The 600 nm thick PMMA layer was doped with 5 wt% DCM and spin-coated on a commercial 2 µm SiO 2 /Si wafer. It then sustains a single vertical (z axis) excitation for each polarization of the propagating field [33] . The experiment was described in [34] . The sample is pumped from the top (along the z axis) by a frequency doubled Nd:YAG laser (532 nm, 500 ps, 10 Hz), which beam was shaped as a rectangle of fixed width (about 300 µm) and variable length L. Then the emitted intensity is collected at the sample edge, in the layer plane (xy plane), and the modal gain can be inferred from its variation with the length L at a fixed pump intensity. As shown in Fig.8 , the modal gain varies linearly with the pump intensity, reinforcing Eq. 2. The gain efficiency was then inferred from a linear fit: K = 41±2 cm.MW −1 .
V. THRESHOLD ESTIMATE
The gain efficiency K can be used to quantitatively predict the lasing threshold intensity, which is evidenced in this section on the example of Fabry-Perot microlasers. The device is described in Fig. 7 . The cavity is fabricated by electron-beam lithography -which ensures a nanoscale etching quality [35] -within the stack which was investigated in subsection IV B. The gain efficiency K measured by VSL should then be still valid. To obtain a Fabry-Perot resonator, a ribbon shape was chosen. Ribbon cavities were fabricated with different widths w ranging from 100 µm to 200 µm. As shown in Fig.7bc , there is no border in the x-direction, in order to prevent back reflection along the x-axis, and therefore avoid mode competition, which would modify lasing thresholds. We then expect Fabry-Perot modes propagating along the y-axis. The emission is collected sideways in the layer plane along the y-direction and analyzed by an Actonresearch 2500i spectrometer coupled to a cooled CCD camera. Typical Fabry-Perot spectra are presented in Fig. 1 . The pump laser was similar as that used for VSL experiments (532 nm, 500 ps, 10 Hz) and the setup provides an uniform pumping (within the ribbon width) from the top (along z-axis). The energy and linear polarization of the pump beam are controlled independently with a standard combination of linear polarizers and half-wave plates. The polarization of the pump beam lies in the xyplane and its orientation in this plane is defined by the angle α with respect to the y-axis (see Fig.7b ), namely α = 0
• if the polarization is oriented along the y-axis, and α = 90
• if the pump polarization is along the x-axis. The influence of α is discussed in Section VI. Here, we consider only the case α = 90
• which was used in VSL experiments. Fig. 9b shows a typical curve, where the threshold intensity I th is clearly identified as a change of slope with a precision of about 0.1 MW.cm −2 . To predict the threshold intensity, we assume that the stationary regime was reached. This issue will be discussed in Section VIII. In that case, the threshold is determined by the gain (and thus the pump intensity g th = KI th − α mod ) necessary to compensate the losses:
with r standing for the total losses in the system. For the sake of simplicity, we only consider refraction losses:
04 is the reflection coefficient at the boundary (n ≃ 1.5). Pump intensity at the threshold is then expected to be linear with 1/w, leading to the following relation:
Threshold measurements were carried out for three dyes as reported in Fig.10 and pumping intensities at threshold show indeed a linear behavior with 1/w. Moreover, a quantitative agreement with Eq. (16) is demonstrated for DCM, using R = 0.04 and K=41 cm.MW −1 , without adjusted parameter (see Fig.10a ). This agreement implies several consequences. Firstly the assumption of a stationary regime should be valid. Secondly spatial hole-burning does not influence the thresholds, whereas dye molecules lead to an homogeneous gain and the spectra are multimode, even at threshold (see Fig. 1 ). Thirdly only the losses due to refraction are taken into account in Eq. (16) . Hence the quantitative agreement means that the losses due to diffraction at the cavity edges do not modify the thresholds, as evidenced in [37] , and that the Fresnel coefficient for an infinite wall R does reproduce correctly the refraction at the boundary, even if the cavity thickness scales with the wavelength. Table I . To summarize, we evidenced that gain efficiency K inferred by VSL technique in Section IV B is consistent with threshold measurements. Moreover, predictions can be made with good precision (less than 10 % of uncertainty). By the way, Eq. (16) can be used to estimate unknown resonance losses, as it was demonstrated for square-shaped micro-lasers in [these-Iryna] Section 6.1.5.
VI. IMPACT OF THE PUMP POLARIZATION
This section focuses on the influence of the pump polarization on gain. Actually, ASE intensity and laser threshold depend on the pump polarization, up to a factor of three. The nature of the effect is explained and a model is provided, giving a quantitative agreement for the three laser dyes. Amplification in organic materials is in general anisotropic, as reported in [22] , and the pump polarization plays a role in the orientation of the main axis of amplification. In fact, dye molecules can be considered as fixed and non-interacting dipoles in the time scales involved in this study (see Section VIII). Each molecule absorbs preferentially along the direction of its absorption dipole, and emits a fluorescent photon according to its emission dipole. Both dipoles depend on the geometry of the molecular structure. This explains, that an ensemble of dye molecules can emit fluorescence in specific directions (monitored by the pump polarization), even if they are isotropically distributed. This phenomenon is known as fluorescence anisotropy and has generated a broad literature (see [31] and [32] for a review). This effect was used for instance in Organic Light Emitting Diodes, aligning the molecules to optimize the emission []. Here, we focus on the consequences on stimulated emission and gain. Theories were developed to account for amplification anisotropy [38] [39] [40] [41] , however we will show hereafter, that it can be described in the framework of fluorescence anisotropy, in good agreement with experiments. We experimentally investigated the influence of the pump beam polarization on ASE and lasing thresholds, using samples and experimental set-up described in Sections IV and V. The direction of observation remains along the width of the ribbon (y-axis in Fig.7b ), while the linear pump beam polarization lies in the substrate plane and is varied between perpendicular (α = 90
• ) and parallel (α = 0
• ) to the y-axis. Fig.9 presents the emitted intensity versus the pump intensity in ASE and Fabry-Perot configurations. It suggests, that the pump polarization α is a relevant parameter, which influence is strongly related to the molecular structure of the dye. For instance, the laser threshold is reduced by a factor of three from α = 0
• to 90 • for DCM (Fig.9b) , which can be considered as a linear dipole due to its linear molecular structure, while the ASE curves remain almost unmodified for PM605 (Fig.9a) , which molecular skeleton looks more rounded. To predict the dependance on α, we use a model based on fluorescence anisotropy [32, 42, 43] , which accounts for a given distribution f of fixed and non-interacting dyes. The emitted intensity I e is proportional to an integral over all the possible orientations Ω of a molecule:
Here P abs stands for the probability of pump absorption and is then proportional to a cosinus squared between the pump and the absorption transition dipole of the molecule. Respectively P em,y stands for the emission probability in the y direction and is then a sinus squared between the y direction and the transition emission dipole of the molecule. Hence we must introduce the angle β between the absorption and emission momentum of the dipole, which is known to be a constant, depending only on the molecular structure of the dye [44] . To calculated expression (17), we must choose an appropriate distribution f . For instance, f is constant for an isotropic distribution of molecules. In practice and as evidenced by ellipsometry measurements, spin-coating slightly aligns the molecules in the layer plane. So we introduce an angle θ 0 , such that f is constant between −θ 0 and +θ 0 and zero outside (see Fig.17 ). A more comprehensive study is reported elsewhere [42] . Here we skip the details and go directly to the formula [60] :
where ρ =
is a positive function of θ 0 and cos 2 β, and is described in Appendix A. As expected, the emitted intensity I e is maximal for α = 90
• , which was the configuration considered for VSL and threshold measurements ( Sections IV B and V). For a linear dipole (β = 0) and an isotropic 3D distribution (θ 0 = 90
• ), then ρ = 1/2, which means, that half of the light is emitted in the ydirection, even if the pump polarization is parallel to the y-direction. I e (α) describes the probability of fluorescence emission. Hence it is likely that the ASE intensity is proportional to I e . First we checked that the ratio
Ie(90 o ) does not significantly depend on the pump intensity, namely the fluctuations remain in the range of ±1% for pump intensity varying from 4 to 80 MW.cm -2 . Then the average ratio
Ie(90 o ) is plotted versus cos(2α) in Fig.11a for the three dyes. The curves present a linear behavior, evidencing the validity of formula (18), even in the stimulated regime. The ρ values presented in Table II are then inferred from the linear fits and formula (18) .
Validity of exp. (18) can be checked for lasing thresholds as well. In fact they can be considered as working points where the non-linear behavior is still relatively low and fluorescence formula like Eq. (17) should then apply [43, 45] . The gain value g th necessary to attain the lasing threshold is determined by losses, which does not depend on α, leading to K(α)I th (α) = g th = const. Thereby, we expect the ratio of threshold intensities I th (α)/I th (90 o ) of the ribbon-shaped micro-lasers to be inversely proportional to K(α)/K(90 o ). This ratio is then plotted versus cos(2α) in Fig.11b for w=180 µm Fabry-Perot microlasers and shows indeed a linear behavior for the three dyes. If the ratio I th (90 o )/I th (α) is assumed to be equal to the right part of Eq. (18), then a ρ value can be inferred for each of the dyes. The results are gathered in Tab.II where the error bars correspond to the fluctuations for ribbon widths varying from 150 to 200 µm.
Experimental results, presented in this section, were obtained under linear pumping beam polarization. In fact, emission under circularly-polarized excitation can be described in the same terms based on eq(18). Indeed, integration over α provides
2 < 1, meaning that pumping with circular polarization is less efficient compared to linear polarization with α = 90 o . This ratio was verified for a 165 µm DCM ribbon micro-laser and gave a ρ value identical to Tab.II.
For completeness, the ρ values should be inferred as well in the fluorescence regime. However the high doping rate of the layers favors energy transfer from dye to dye and tends to make the emission isotropic [46] . Such an isotropization (ρ = 1) does not occur obviously in our stimulated systems (ASE and laser), because energy transfer is prevented due to its characteristic time typical of spontaneous processes, and then much longer than stimulated emission. The different time scales are evidenced in Sec. VIII.
To summarize, the ρ parameter quantifies the sensitivity to polarization. It is specific of a dye molecule and its distribution in the layer. Such agreement between the ρ values inferred from both ASE and lasing experiments for the three dyes stresses the validity of our assumptions as well as the interest of such an approach for predictions of gain properties.
VII. SPECTRAL FEATURES
Laser spectra from organic-based devices are in general multimode and inscribed in an envelope (Fig.1) . The distribution of the lasing peaks is mostly determined by the resonator shape and is discussed elsewhere [47] . Here, we focus on the envelope, which depends on the gain medium, in particular its width and central wavelength, which are relevant for designing of electrically-pumped organic lasers.
A. Width of the spectral envelope In this subsection, we consider the width of the spectral envelope. First, it must be stressed that it strongly depends on the pump duration. For instance, in Fig. 12 , we superimposed two spectra of the same micro-laser in identical experimental conditions. The set-up and the 500 ps pump laser were described in Section V. The 30 ps pump laser is a frequency doubled Nd:YAG laser (532 nm, 10 Hz). As evidenced in Fig. 12 , the peaks does not move, but the Full Width at Half Maximum (FWHM) of the envelope is about twice larger for the 30 ps pump pulse compared to the usual 500 ps pump pulse. This can be accounted for by the laser dynamics [48] and the balance between the duration of the pump and the photon lifetime (∼ 1 ps for a w=200 µm Fabry-Perot cavity). For the usual 500 ps pump laser, FWHM of ASE is about 10-20 nm depending on the dye, while FWHM of fluorescence is of the order of 50-100 nm. The FWHM of the lasing spectra depends on the resonator shape. For instance, we noticed that the FWHM of Fabry-Perot spectra is typically four times narrower than the FWHM of ASE. In general, spectra associated with whispering gallery modes are broader.
B. Maximum of the spectral envelope Figure 13 : Absorption and emission properties of 5 wt% of PM605 in PMMA. Normalized absorption (σa) and stimulated emission (σe) cross sections, and normalized emission spectrum of a 150 µm ribbon micro-laser. Fig. 13 evidences that the envelope of the lasing spectrum is not centered at the maximum of the fluorescence spectrum. Here, following Mazumder et al. [49] , we propose a simple explanation based on re-absorption. Due to the overlap between absorption (σ a (λ)) and stimulated emission (σ e (λ)) cross sections, unexcited molecules can absorb photons emitted from excited states, which decreases the gain:
where N stands for the total density of dye molecules and N * for the density of excited dye molecules. Hence, the ratio of molecules γ(λ) = N * th /N that must be excited to reach the threshold depends on re-absorption [29, 49] :
At threshold, the gain balances the losses, and g (λ) can be substituted by − ln R/w for a Fabry-Perot resonator (see Eq. 15). γ(λ) was plotted in Fig.14b for different widths w of the Fabry-Perot (ln R remains unchanged) using σ e and σ a determined in Appendix B. Each curve shows a minimum, which corresponds to the lasing wavelength close to threshold. The minimum of γ is blue-shifted when the width of the Fabry-Perot decreases, i.e. when the loss of the cavity increases. The order of magnitude is consistent with the experimental observations summarized in Fig.14a . A similar effect was reported using absorbers in micro-droplets [49, 50] .
In other words, the envelope of the lasing spectrum is blue-shifted, when the quality factor of the resonator decreases [23] . Measurements of such spectral shifts for a given gain material would provide a solid basis for the experimental estimation of the cavity properties through the spectroscopic study of the laser effect. Anyway, as the shift can be larger than a dozen of nanometers, it must be taken into account to optimize the architecture of the device in the context of electrically pumped organic lasers. 
VIII. TEMPORAL BEHAVIOR
This last Section focuses on experimental studies of the temporal properties of spontaneous and stimulated emission in dye-doped polymer thin films. The dyedoped PMMA layers described in Section IV B were pumped with a frequency doubled Nd:YAG laser (10 Hz, 532 nm, 35 ps) and the emission was collected through a monochromator and then injected into a streak camera (Optoscope by ARP) with about 8 ps temporal resolution. Fig. 15 presents a simplified scheme of the setup. In order to prevent the influence of guiding effects, the layers used for fluorescence study were directly spin-coated on a Si substrate and θ = 55
• , while a SiO 2 /Si substrate was used for ASE and Fabry-Perot samples with θ = 0
• .
As evidenced in Fig.16 , the temporal behavior of the ASE signal replicates that of the pump (except for RH640, which exhibit a small exponential relaxation of ASE, not shown here), whereas the fluorescence emission occurs over a longer time scale. Measured fluorescence lifetimes were 1.8 ns for DCM, 2.6 ns for RH640 and 1.5 ns for PM605, in consistence with results measured elsewhere [51] . Regarding the lasing emission from a FabryPerot cavity, Fig. 16b evidences that it is delayed of about 20 ps. This delay decreases if the pump intensity increases and the Fabry-Perot width w decreases, as expected since the build-up time of the laser emission Figure 15 : Scheme of the setup used for temporal studies. The retardation line is not shown. For ASE and Fabry-Perot measurements, θ is set to zero, and the emission is collected in the plane of the layer. For fluorescence measurements, θ = 55
• in order to prevent propagation effects. decreases as well. It can be noticed that no spiking is observed, contrary to [24] , maybe due to the shorter pump pulse.
IX. CONCLUSION
In this paper, we have investigated the amplification properties of dye-doped polymer thin films. The gain efficiency K was introduced to facilitate the comparison between different materials in various configurations. It represents the linear ratio between gain and pump intensity, in the limit of validity of such linear behavior. It allows to derive a simple relation between gain, losses and threshold, which was experimentally validated in the benchmarking case of Fabry-Perot planar micro-lasers, demonstrating the reliability of this approach to select gain material in the framework of electrically pumped hybrid organic-inorganic devices. The bulk gain was measured with a pump-probe setup and led to K = 20 cm.MW −1 at 594 nm for 1.4 wt% DCM doped in PMMA pumped at 532 nm. The theoretical prediction overestimates its value by more than one order of magnitude, probably because of intermolecular processes which are strongly involved in such materials. Several parameters alter the bulk gain and must be taken into account to design an actual device. First, the confinement factor Γ includes the geometrical features and the overlap between the pump beam and the propagating laser field. It varies typically from 0.5 to 2. Then, the intrinsic anisotropy of the molecular structure induces a sensitivity to the polarization of the pump beam, and can modify the gain up to a factor of three. By the way, we showed that the gain measurement is sensitive to the anisotropic distribution of the dye molecules within the layer, and provides therefore an indirect method to estimate it. Finally, the width of the gain spectrum, as well as its central wavelength, are monitored by reabsorption processes, and can be relatively well predicted. For all these parameters, we provided appropriated experiments in good agreement with theoretical predictions and consistent with the measured value of the bulk gain. Besides, time resolved measurements were carried out at the picosecond scale. They showed that ASE reproduces the profile of the pump beam, which implies that the amplifying medium can be considered in a stationary regime with respect to the variations of the pump. Moreover, the build-up time of the laser emission was evidenced on the example of Fabry-Perot cavites of various widths.
In conclusion, we proposed a protocol for the analysis of gain properties of organic materials, and demonstrated that several parameters must be taken into account to reliably predict the laser threshold of the device. We hope that this work helps to pave the way towards an electrically pumped hybrid organic-inorganic laser. For instance, in the case of 2-D distribution (which most likely applies to spin-coated light-emitting polymers)... The higher ρ values obtained for PM650 and RH640 evidence a tendency to isotropize the emission, which can be explained by their relatively rounded molecular structure.
This ρ quantity could be calculated from the r 0 parameter, familiar in the fields of fluorescence anisotropy. But in practice ρ depends on the distribution of the dyes (through θ 0 ) and then on the layer fabrication. For instance, in the case of 2-D distribution (which most likely applies to spin-coated light-emitting polymers [52] ) ρ = 1/3 at β = 0, suggesting that in examined DCMdoped PMMA layer emission dipoles are mainly oriented within the layer plane (for β = 25
• , reported for DCM under excitation at 461 nm [46] , ρ = 0.43). The emission cross-section is shaped as the fluorescence spectrum f (λ):
Moreover the absorption and emission cross-sections are connected via:
which stresses that the emission cross section is always smaller than the absorption cross section.
